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Abstract 
Effect of Nb contents on microstructure and magnetic properties of FeCoNbB films has been studied. X-ray diffraction (XRD) 
analysis reveals that Nb plays a role in refining grain and in facilitating formation of amorphous structure. When Nb content is 
more than 8 at%, the films transform from crystalline to amorphous structure, accompanied by variations in magnetic properties. 
An unusual out-of-plane anisotropy component is consequently observed. It can be suggested that the anisotropy induced by 
increasing Nb contents be attributed to stress-related magnetoelastic anisotropy. The undesirable anisotropy is greatly reduced by 
thermal annealing, reducing film thicknesses or applying an external magnetic field together with Si addition.  
Keywords: FeCoNbB films; magnetic anisotropy; Nb contents; annealing; film thickness 
1. Introduction  
Ferromagnetic films have attracted considerable in-
terest for promising applications in micro-devices 
which can satisfy the requirements of miniaturization 
and integration in avionics devices such as sensors, 
transformers, thin film inductors, magnetic flux ampli-
fier and recording system [1-2]. To ensure high-quality 
performance, soft magnetic materials are required to 
possess high saturation flux density together with low 
coercivity [3]. As compared to traditional Fe-based and 
Co-based materials, FeCo-based alloys are much more 
favored due to their much higher saturation magnetiza-
tion, low coercivity and large uniaxial anisotropy [4-5]. 
Many studies have been conducted on FeCoB alloys, 
one of the most promising alloys for the applications 
of recording systems in many fields such as aircraft 
industries [6-7]. In addition, previous researches have 
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shown that Nb is inclined to be enriched around phase 
boundaries, and has an effect on decreasing grain size 
in crystalline alloys [8-10]. On the other hand, magnetic 
properties are generally dependent on structure transi-
tion which is inclined to give rise to anisotropy in soft 
magnetic materials. However, the presence of out-of- 
plane spin alignment is undesirable for those to be 
applied in micro-devices due to introduction of 
noise [7].  
Many reports have suggested that the out-of-plane 
anisotropy results from reduced symmetry at sub-
strate/film interface, internal stress or columnar 
growth [1,11-12]. Yu [7] and Coisson [13] found that per-
pendicular anisotropy disappeared because of anneal-
ing and in turn soft magnetic properties were exhib-
ited. Internal stress was suggested to play an important 
role in the spin reorientation in films. On the other 
hand, it was observed that columnar structure or tex-
ture has a significant influence on spin orientation in 
some other films, such as NiW [14], FeZrN [15] and 
FeB [16]. Theoretical calculation made by Chezan [15] 
also showed that magnitude of magnetoelastic cou-
pling effect was much smaller as compared to perpen-
dicular anisotropy constant in the films.  
In this paper, microstructure and anisotropy for Fe- Open access under CC BY-NC-ND license.
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CoNbB with various Nb contents is studied for the 
purpose of obtaining a better understanding of under-
lying origin of the anisotropy. Furthermore, the de-
pendence of the anisotropy on annealing, thickness 
and Si addition is also presented in order to find an 
effective way of eliminating the undesired anisotropy 
for magnetic softness.  
2. Experimental 
FeCoNbB films were prepared by DC-magnetron 
sputtering on Si (100) substrates at room temperature. 
For the deposition, Fe47.5Co47.5B5 alloy was used as 
target, on which Nb and Si chips were placed. Nb and 
Si contents were varied by changing the number of 
chips. Deposition was performed by using high purity 
argon as sputtering gas. During deposition, the argon 
pressure was in the range of 0.8-1.3 Pa and sputtering 
power was fixed at 28.8 W. During field-deposition, 
an external magnetic field of 40 Oe (1 Oe=80 A/m) 
was applied along film surface. Films with thick-
nesses of 140, 210, 420 nm were prepared. As-de- 
posited films were annealed in vacuum for 60 min at 
the temperature of 100, 150, 200 and 250 °C, respec-
tively. Structure and composition of the films were 
investigated by X-ray diffraction (XRD, Rigaku, 
D/MAX2200PC) analysis and energy dispersive 
spectroscopy, respectively. Vibrating sample magne-
tometer (Riken Denshi, BHV-55) was used to meas-
ure the magnetic properties, by applying magnetic 
fields parallel to the film plane. Cosine curves of M-θ 
(M is magnetization, θ the angle between a certain 
line on the sample and external magnetic field) were 
measured for square-shaped samples to determine 
easy and hard axes. Magnetization represented in this 
work has been normalized with respect to saturation 
magnetization. 
3. Results and Discussion 
3.1. Effect of Nb contents on microstructure of Fe-
CoNbB films 
Fig. 1 shows XRD patterns of 420 nm-thick Fe-
CoNbB films with different Nb contents. Crystalline 
diffraction peaks are clearly seen for the films con-
taining 5 at%-7 at% Nb, indicating that the as-depo- 
sited films are in a crystalline state. The average grain 
size for the films can be estimated by Scherrer formula 
using full width at half maximum (FWHM) value ob-
tained from XRD diffraction peaks, as shown in the 
inset of Fig. 1. The average grain size shows a slight 
decrease from 23.5 nm to 22.5 nm with increasing Nb 
content from 5 at% to 7 at%. The result indicates that 
grain growth of crystalline phase can be more or less 
suppressed by increasing Nb contents, as observed in 
other alloy systems [8,17].  
Note that diffraction angle of FeCo(110) peak shifts 
towards lower angles as compared to that of bulk 
counterpart as Nb content reaches 7 at%, implying that 
 
Fig. 1  XRD patterns for films with different Nb contents. 
Inserted are variations of diffraction angle and grain 
size with Nb contents. 
lattice spacing of the (110) plane was expanded. The 
expansion of lattice due to Nb addition suggests that 
the film is inclined to transit from tensile to compres-
sive state. As Nb contents increase to no less than 
8 at%, as shown in Fig. 1, a typical broad peak is ob-
served for the films. It indicates that films are in an 
amorphous state, which can be understood by the role 
of Nb in suppressing growth of crystalline phase and 
in turn enhancing glass-forming ability [9].  
3.2. Effect of Nb contents on magnetic properties of 
FeCoNbB films 
Variations of magnetic properties with the structure 
transition have been studied. Fig. 2 presents in-plane 
hysteresis loops for the films of thickness of 420 nm 
with Nb contents ranging from 5 at% to 16 at%, where 
Ms is the saturation magnetization. It is seen that hys-
teresis for the alloys with Nb contents less than 6 at% 
is characteristic of soft magnetic properties, showing 
coercvity lower than 6.5 Oe. By contrast, as Nb con-
tent is increased to 8 at%, a great variation in shape of 
the hysteresis loop is observed. Coercivity of the al-
loys is increased simultaneously. It is also seen that the 
hysteresis loop consists of two distinctive segments 
prior to magnetization saturation. At the first stage, the  
 
Fig. 2  In-plane hysteresis loops for room-temperature de-
posited FeCoNbB films with different Nb contents. 
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alloy is quickly magnetized at lower fields, while at 
the second stage the magnetization is linearly in-
creased with magnetic field until the magnetically 
saturated state. The particular shape of hysteresis is 
called transcritical loop [18], which is typically seen in a 
film exhibiting perpendicular anisotropy [1,15,18]. There- 
fore, it can be considered that an out-of-plane anisot-
ropy component is induced in the films with Nb con-
tent no less than 8 at%, which is in an amorphous state 
as shown in Fig. 1. 
Fig. 3(a) presents variations of saturation magneti-
zation (Ms) with Nb contents. It is seen that saturation 
magnetization exhibits an almost linear decrease with 
contents of Nb. The results can be explained by dilu-
tion of atomic magnetic moments due to the addition 
of non-magnetic elements [19-20]. Furthermore, perpen-
dicular anisotropy constant (K⊥) for the films with no 
less than 8 at% Nb has been calculated on the basis of 
equation K⊥=MsHk /2. Here, the anisotropy field Hk 
can be regarded as saturation field [12]. Fig. 3(b) shows 
dependence of K⊥ on Nb contents. For the films exhib-
iting no transcritical loop, K⊥ is defined as zero. It is 
found that K⊥ decreases with increasing Nb contents 
for the films containing 8 at%-16 at% Nb, although the 
Hk shows a slight increase as observed from Fig. 2. It 
can be therefore considered that the decrease of K⊥ is 
mainly related to the linear decrease of Ms with in-
creasing Nb contents. 
 
Fig. 3  Variations of saturation magnetization and perpen-
dicular anisotropy constant with Nb contents. 
3.3. Origin of the out-of-plane anisotropy 
It is known that magnetic properties are determined 
by the competition among exchange, dipolar, and ani-
sotropy energies. In films, when the perpendicular 
anisotropy energy is large enough to overcome the 
demagnetization energy, the magnetization vector will 
rotate from in-plane to out-of-plane. This phenomenon 
is the so-called spin reorientation transition (SRT) [21]. 
For an amorphous film, due to the absence of magne-
tocrystalline anisotropy, magnetic anisotropy is gener-
ally considered to be contributed by magnetoelastic 
coupling effect in thin films [11,15]. The magnetoelastic 
energy constant K is expressed as K= −3σλ/2 [15], 
where σ and λ represent stress and saturation magne-
tostriction constant, respectively, thus, orientation of 
easy axis depends on the sign of K.  
It has been reported that FeCoNbB alloys exhibit 
positive magnetostriction constants in amorphous 
structure, and the magnetostriction constant is in-
creased with the increase of Nb contents [20, 22-23]. From 
XRD analysis as shown above, it can be assumed that 
compressive stress is induced by lattice expansion in 
the alloys with Nb contents larger than 7 at%. On the 
other hand, it has been reported that the films depos-
ited at lower argon pressure are likely to be in a com-
pressive state [24]. Combining with the fact that out-of- 
plane component is observed only in the films depos-
ited at a very low argon pressure of 0.8 Pa instead of 
1.0-1.5 Pa, the out-of-plane anisotropy in FeCoNbB is 
very likely to arise from positive λ and compressive 
stress. Furthermore, stresses induced in the films may 
be associated closely with Nb addition and/or prepara-
tion processes. It has been obtained that compressive 
stress is induced by lattice expansion in the alloys with 
Nb contents larger than 7 at%. In addition, as shown in 
Fig. 4, spin reorientation transition occurs only at 
lower argon pressure of 0.8 Pa instead of 1.0, 1.3 Pa. It  
 
Fig. 4  Effect of Ar pressure on in-plane hysteresis loops for 
FeCoNbB films containing 10 at% Nb. (Inserted are 
variations of coercivity and deposition rate with Ar 
pressure.) 
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is also seen from the inset of Fig. 4 that the coercivity 
shows a quick increase once the spin reorientation 
transition from in-plane to out-of-plane occurs. As a 
consequence, magnetic softness is greatly deteriorated 
for the films.  
The dependence of argon pressure on stress state in 
films is associated with variations of deposition rate. 
As shown in the inset of Fig. 4, deposition rate in-
creases from 16.8 nm/min to 19 nm/min as the pres-
sure decreases from 1.3 Pa to 0.8 Pa. Collision be-
tween sputtering particles is less frequent at lower 
pressure, resulting in an increase of free path for sput-
ter ions. Therefore, more Ar+ ions can reach the target 
at lower pressure. Furthermore, deposition pressure 
has a significant influence on stresses of films [24-25] 
due to variations of deposition rate, which gives rise to 
defects and induced compressive stress. The argument 
is consistent with results obtained by Dector [24].  
As discussed above, it can be considered that the 
out-of-plane anisotropy in FeCoNbB is very likely to 
arise from positive λ and compressive stress.  
3.4. Effective ways of eliminating the out-of-plane 
anisotropy 
In order to eliminate effect of the stress on the 
out-of-plane anisotropy induced during deposition, an 
amorphous film containing 13 at% Nb has been sub-
jected to annealing in vacuum for 60 min at tempera-
tures of 100, 150, 200 and 250 °C, respectively. No 
crystalline phase is detected by XRD for the films after 
annealing. As shown in Fig. 5, it is seen that the typical 
transcritical shape remains until 200 °C and vanishes 
for the film annealed at 250 °C.  
 
Fig. 5  Effect of annealing temperatures on hysteresis loops 
of FeCoNbB films containing 13 at% Nb. (Varia-
tions in saturation field and coercivity with different 
annealing temperatures are inserted.) 
In addition, the out-of-plane component is reduced 
with increasing annealing temperatures. In particular, 
hysteresis for the 250 °C-annealed film exhibits a 
typical shape of magnetic softness, demonstrating dis-
appearance of the out-of-plane anisotropy due to stress 
relaxation. As shown in the inset of Fig. 5, saturation 
field is reduced with increasing annealing tempera-
tures. On the other hand, it is seen that effect of an-
nealing temperature on coercivity is quite similar to 
that of saturation field. Based on these results, it can be 
concluded that the out-of-plane component induced in 
the films deposited at room temperature is attributed 
mainly to compressive stress.  
Thickness dependence of the anisotropy has been 
further investigated. In-plane hysteresis loops of Fe-
CoNbB with different thicknesses are displayed in 
Fig. 6. For the films with thickness of 420 nm, hys- 
 
Fig. 6  In-plane hysteresis loops for room-temperature de-
posited FeCoNbB films containing 10 at% Nb with 
different thicknesses. 
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teresis loops along the easy and hard axes are super-
imposed, independent of direction of the applied 
in-plane field. The result is called rotatable anisotropy 
effect [26]. As film thickness decreases to less than 
210 nm, square loop with in-plane uniaxial anisotropy 
is observed. In addition, coercivity along with in-plane 
saturation filed is decreased due to increase of demag-
netization energy caused by reduction of thicknesses. 
Magnetic moment is in turn aligned with film surface.  
As mentioned above, the magnetic properties are 
determined by the competition of different energies in 
films. In this work, competition is mainly between the 
demagnetization and perpendicular anisotropy ener-
gies. As the film thickness decreases, the two factors 
show different response: the former becomes larger 
while the latter decreases. As the film thickness de-
creases beyond a critical value, all magnetization vec-
tors start to gradually rotate from out-of-plane to 
in-plane. Actually, film thickness has an effect on the 
film stress as well. As the thickness decreases, the 
compactness is decreased, which results in reduction 
of compressive stress [27]. 
Fig. 7 shows dependence of hysteresis loops on Si 
addition and field-deposition for the films. It is seen 
that deposition applied in a magnetic field has no in-
fluence on reduction of the out-of-plane anisotropy for 
the FeCoNbB films containing 8 at% Nb (see the dark 
and light blue lines). By contrast, together with Si ad-
dition, the film deposited in the external magnetic field 
exhibits a character of magnetic softness under the 
same applied magnetic field. Kohmoto, et al. [28] re-
ported that addition of Si in FeCo-based amorphous 
alloys leads to a reduction of magnetostriction con-
stant. According to K= −3σλ/2 [15], the decrease of λ 
leads to less negative values of K and consequently 
magnetization vectors tend to align with in-plane of 
the films. The role of Si addition in reduction of 
out-of-plane anisotropy with field-deposition is con-
sidered to arise from magnetic ordering caused by 
presence of Si.  
 
Fig. 7  In-plane hysteresis loops for films with different 
compositions and external magnetic field. 
 
4. Conclusions 
 Crystalline and amorphous FeCoNbB films with 
various Nb contents have been prepared by DC-mag- 
netron sputtering at room temperature. A structure 
transition occurs in the films with changing Nb con-
tents. Furthermore, out-of-plane anisotropy component 
is observed in FeCoNbB with Nb contents larger than 
8 at%. The unusual anisotropy is suggested to arise 
from stress-dependent magnetoelastic coupling effect. 
Thermal annealing, a reduction of film thickness and 
Si addition are found effective in eliminating the unde-
sirable anisotropy and improving magnetic softness of 
the films. 
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